Thermophysical properties such as thermal conductivity (k), bulk density (ρ), specific heat (C), and thermal diffusivity (D) are crucial for simulating dynamic thermal processes such as drying and temperature-controlled storage. In this study, the effects of product temperatures (T) and moisture contents (MC) on different thermophysical properties of kelp were studied. The thermal conductivity and thermal diffusivity of the samples were measured using a KD2 Pro dual-needle sensor for a temperature range of 30-70°C and moisture content varying from 6 to 90 g (100 g sample) −1 . The particle density and the bulk densities of the samples were estimated using a pycnometer with toluene as a working liquid. The k, C, and D values were fitted with a regression equation considering the individual and interaction factors (MC × T). Moisture content and temperature of the sample have significant effects (p < 0.05) on its thermophysical properties. The thermophysical properties calculated using the Choi and Okos' model based on the mass fraction of individual components present in sugar kelp and temperature were significantly (p < 0.05) different as compared to the experimental values. An artificial neural network (ANN) model evaluated eight different configurations of neurons in a single hidden layer for 180 data. The prediction performances of the ANN were evaluated in terms of mean absolute error (MAE), mean relative error (MRE), standard error (SE) and coefficient of determination in MATLAB. Overall, the ANN model's performance was superior to the Choi and Okos empirical model in predicting the thermophysical properties with a relatively high coefficient of determination and low MAE, MRE, and SE.
Introduction
For thousands of years, seaweeds have been an important part of the human diet, dating as far back as the 13,000 B.C. in Chile, 300 B.C. in China and Japan and A.D. 500 in Ireland. [1 -3] Currently, seaweeds are harvested either from naturally growing wild or cultivated (aquaculture) crops. At present, the production of the farmed or cultivated seaweed industry is valued at over US$ 6 billion annually, increasing at a steady rate of 8% every year. [4] Countries like China, Chile, Norway, Japan, Philippines, France, Ireland, and Indonesia dominate the seaweed farming industry by producing 99% of the 25 million tons of the seaweed share worldwide. [4] Food products for human consumption constitute around 83% of the annual cultivation, while the rest is used in developing hydrocolloids, fertilizers and animal feeds. [5] Fresh seaweeds have low shelf stability and are prone to enzymatic deterioration, lipid oxidation and microbial attack due to its very high moisture content (∼75-90% w.b). Drying was one of the earliest processing techniques for food preservation, governed by simultaneous heat and mass transfer of liquid-vapor phase change. [6] At present, dried seaweeds are commercially produced under direct sunlight or using a convective hot air dryer based on propane or natural gas heating. Many areas, especially in the equatorial and subtropical zone of many developing countries in the Asia and Pacific region, use open drying systems to capture sunlight. However, sun drying has very limited application in the US state of Maine, due to lack of exposure to sunlight, warm dry air and clear weather conditions during the harvesting season of the year. In contrast, conventional convective dryers are energy-intensive but have proved to be better than sun drying in terms of nutrient retention and hygiene. [7, 8] The applied drying methods vastly influence the functional properties, bioactive compounds, volatile compounds (aroma, flavor) and antioxidant activity in the finished seaweed. [9 -18] The levels of total phenolic compounds (TPC), total flavonoid content (TFC) and proanthocyanidins in brown alga Hormosira banksii were higher in vacuum drying, freeze-drying and dehumidified drying as compared to the sun and oven drying. [10] Compared to the fresh sugar kelp (Saccharina latissima), irrespective of the applied drying method, the total phenolic content (TPC), antioxidant activity and vitamin C content were observed to decrease by 5-to 10-fold in the final processed product. [18] Similarly, phytochemical content in dried red seaweed Kappaphycus alvarezii was found to be lower in the case of sun and sauna drying. [13] Hence, knowing the thermal properties (thermal conductivity (k), thermal diffusivity (D), specific heat capacity (C)) of sugar kelp is important for predicting the influence of drying rate under different drying conditions on the overall chemical profile affecting the nutritional, functional and bioactive properties of the dried seaweeds. Furthermore, this information will also be helpful in optimizing the design parameters of large-scale dryers to obtain uniform product quality.
Microscopic structural changes (pore formation) during drying as a result of moisture removal can be characterized macroscopically by structural properties such as true density, bulk density, porosity, and shrinkage. True density or particle density in the case of granular food is determined by the densities of its constituents and it decreases with the increase in the moisture content. The bulk density of granular food is measured experimentally depending on how the food is packed in the container. A vast amount of data has been presented for the structural properties of food (true density, bulk density, and porosity) with respect to its moisture content and temperature. [19, 20] It has been observed that the true density is always greater than the bulk density and lies in between the density of pure water and dry solids. The applied drying method and processing conditions can also highly influence the porosity of the dried product. [21, 22] Choi and Okos [23] have proposed empirical models based on the proximate composition of the food for predicting the thermal properties such as k, C, D, and ρ over a wide range of processing temperatures. For instance, this model has been used to estimate the thermal properties of several different foods such as bakery products and carrot and meat alginate particles by considering all the major food components present including water, protein, fats, carbohydrate, fiber, and ash. [24, 25] However, the application of empirical modeling in the case of seaweeds has known limitations since the primary constituent groups in seaweeds consist of complex polysaccharides (alginates, cellulose, laminarin, mannitol, and fucoidan) which are very different from the land-based products. Moreover, transport properties of food such as thermal conductivity, specific heat capacity, and diffusivity are dependent on structural properties especially porosity and therefore the volume fraction of air should be considered while calculating the thermophysical properties from individual constituents. [26] Alternatively, thermophysical properties (k, D) can be measured directly in a single experiment by the modified heat probe method using a dual-needle probe. [27, 28] In this method, a central heat source generates heat pulses, and the temperature response is monitored by the thermocouple placed parallel to the heating source at a fixed distance. The solution algorithm of this method only accommodates conduction as the primary mode of heat transfer. Consequently, during the heating stage, a large temperature gradient can induce convective currents in low viscous foods and might change the food structure at the microscopic level, resulting in inaccurate measurement. The pycnometer is currently used as the standard method for measuring the ρ of foods. [29 -31] The volume of the fixed mass of the food placed in the pycnometer flask is measured by displacing the non-wetting working liquid, indirectly allowing the density of the sample to be determined. The C of the various food samples including potato, [32] chicken breast patties, [33] lentil seeds, [34] and honey [35] has been measured in the past by the standard method of differential scanning calorimetry (DSC). DSC measures the specific heat by applying a constant rate of heating and measuring the temperature difference between the unit mass of the food material and the empty reference. Specific heat capacity can also be measured indirectly by measuring thermal conductivity, density, and thermal diffusivity by using Equation (4) presented in this paper.
Artificial neural networks (ANN) are models designed to function like a biological human brain, based on a progressive learning system. An ANN consists of a complex network of artificial neurons, which perform in a function identical to biological neurons. The artificial neurons in one layer receive the input information and pas the activation value, calculated by subtracting the threshold value (bias) from the weighted input, through an activation function to the neurons connected in the next layer. The network training algorithm establishes a non-linear relationship between the input and output by adjusting the network weights and the threshold (bias) in order to minimize the error between the predicted value and training data set. Correspondingly, ANN is capable of modeling complex nonlinear relationships due to its excellent fault tolerance, self-learning ability, and high computational capability as compared to traditional regression approaches based on individual food constituents. In recent years, ANNs have been applied across a wide range of problems in food science such as modeling microbial growth for food safety, interpreting spectroscopic data, process control and simulation, machine perception (electronic nose) and predicting physical, chemical, thermal and functional properties of food products during processing and storage. [36 -38] Fresh sugar kelp is thin leafy sea vegetable which can be characterized as continuous material with low porosity. Moreover, glass transition temperature (T g ) of the kelp while air drying is always lower than the air temperature. [39] Consequently, the volume shrinkage during drying can be completely attributed to the volume lost due to moisture removal without creating any void space for air as the whole process of drying occurs completely in the rubbery phase above its T g . However, continuous monitoring of thermophysical properties while drying sugar kelp using dual-needle probe can be experimentally challenging due to following reasons: (1) Due to its thin structure multiple blades of kelp needs to be stacked along the heating needle; (2) While drying, sugar kelp blade undergoes irregular shrinkage and might create inconsistent contact surface with the heating needle; (3) Dried kelp becomes brittle and might break while stacking along the heating needle. Therefore, granulated powder of kelp is rehydrated to different moisture content and packed in a cylindrical tube to measure the thermophysical properties of sugar kelp with respect to its moisture content, temperature, and porosity.
Although there are several research articles reporting the physicochemical properties of the seaweeds and its variation with season and processing conditions, very limited information was available on the thermophysical properties of any type of seaweeds and its proximate constituents as compared to fruits, vegetables, and meat products. This study has been done on a variety of brown seaweed, sugar kelp (Saccharina latissima) to evaluate the effect of the moisture content and the temperature of the sample on its thermophysical properties. The objectives of this study were: (1) to evaluate the thermophysical properties (thermal conductivity (k), thermal diffusivity (D), bulk density (ρ), and specific heat capacity (C)) of sugar kelp considering porosity with respect to its moisture content and temperature and (2) to compare the experimental thermophysical data with the Choi and Okos empirical model and the ANN model. The results from this study will help in optimizing the design parameters of large-scale dryers focused on clean, energyefficient and closed drying systems for producing uniform and high-value products for consumers.
Materials and methods

Sample preparation
Fresh sugar kelp (Saccharina latissima) grown in Damariscotta bay, Maine (43°56ʹ15.4" N; 69°3 4ʹ53.0" W), was donated by Maine Fresh Sea Farms, Walpole, ME, USA and shipped to the University of Maine at the end of June 2017. Holdfasts were removed and the blades along with the stipes were washed under running water to remove any biofouling and surface salts. Fresh sugar kelp was then freeze-dried for 4 h at each temperature of −20ºC, −10ºC, 0ºC, 10ºC and 25ºC using a freeze dryer (Virtis Ultra 35 EL, SP scientific, Warminster, PA, USA) with vacuum maintained at 20 Pa. After drying, the sugar kelp samples were ground into a fine powder using a food grinder (Magicbullet, Nutribullet LLC, Pacoima, CA, USA). The powdered samples were then sifted through a brass, multilevel sifter, and particles <0.5 mm were kept in the brown Nalgene bottles. These bottles were stored at room temperature (~22ºC) in cardboard boxes to avoid any light interference until further analysis.
Proximate analysis
The moisture content of the dried sugar kelp was determined gravimetrically using the AOAC method. [40] Briefly, 1.0 ± 0.002 g of powdered kelp was dried in an oven (VWR, VWR International, Radnor, PA, USA) at 105ºC until there is no further change in weight ± 0.001 g. [40] Ash content was determined gravimetrically by heating the same glass scintillation vials containing the dried seaweed samples (after measuring moisture content) in a muffle furnace (Thermolyne Model F-A1730, Dubuque, IA, USA) at 550°C for 7 h. [40] Total nitrogen content was determined using a dry combustion analyzer (TruMac CNS, LECO Corporation, MI, USA). [41] The total crude protein was calculated using an average nitrogen-to-protein conversion factor of 5.3 for sugar kelp. [42] Crude fat/lipid content of the samples was measured using the acid hydrolysis method for seafoods. [43] The total carbohydrate content was determined using the difference method. [44] Thermal properties Sugar kelp samples of different moisture content (0.06, 0.10, 0.30, 0.50, 0.70 and 0.90 kg H 2 O/kg sample) were prepared by rehydrating the freeze-dried powder. Thermal conductivity (k) and thermal diffusivity (D) of the prepared samples were measured using an SH-1 dual needle of KD2 Pro thermal propertiesanalyzer (Decagon Devices Inc., Pullman, WA, USA). The dual-needle sensor consists of two stainless steel parallel needles spaced 6 mm apart; one needle consists of a lineheating source while the temperature-monitoring thermocouple is enclosed in the other needle. Short duration heat pulses are applied to the heating needle and the temperature of the thermocouple needle is monitored during the heating phase and the cooling phase followed by the heating phase. The working principle of KD2 Pro is described using equation (1) for transient one-dimensional radial heat conduction equation for a long cylinder.
where T is the final temperature (°C); T i is the initial temperature (°C); q is the heat generated in the heating needle per unit length (W m −1 ); k is the thermal conductivity of the medium (W m −1 K −1 ); E i is the elliptic integral function; t is heating time (s); r is the radial distance between the heating and the temperature monitoring probe (m); and D is the thermal diffusivity of the medium (m 2 s −1 ). Equation (1) can also be expressed using an infinite power series considering initial terms as below.
where γ is the Euler constant (0.5772). Sugar kelp samples were packed tightly inside the sample holder to avoid any air resistance during measurement and closed with a cap drilled with two holes (ϕ = 0.813 mm) spaced 6 mm apart to insert the SH-1 dual needle. After insertion, the space between the top of the cap and the needle head is sealed with non-wetting clay to avoid any moisture loss while heating the sample. The sample holder along with the inserted needle was held at room temperature for 15 min to equilibrate with the surroundings. Before measurement, the sample holder was held by a clamp stand inside a water bath (Julabo SW22, Allentown, PA, USA) for 15 min to equilibrate and attain the required temperature at which the thermal properties were measured. The readings of k and D were recorded for six replicates at each temperature (30, 40, 50, 60, 70°C) and moisture content (0.06, 0.10, 0.30, 0.50, 0.70, 0.90 kg H 2 O/kg sample) of the sample. The KD2 pro sensor was calibrated with the two-hole Delrin block provided by the manufacturer to verify its performance, prior to the measurements.
Particle density, bulk density, and porosity
The particle density of the sugar kelp samples of moisture content 0.06 g water (g sample) −1 was measured using a liquid pycnometer. [45] Toluene was chosen as the working liquid due to its nonwettability, high boiling point, and low specific gravity. [46] In brief, the empty weight of the pycnometer is recorded along with its top head. After placing~2 g sample in the glass flask of the pycnometer, toluene was poured in and stirred to remove the trapped air. The top head of the glass pycnometer was closed by the glass stopper with a capillary hole releasing the excess toluene. The particle density of the sample was calculated using formula (3).
where ρ s is the particle density of the sample (kg m −3 ) of moisture content 0.06 kg H 2 O/kg sample, W S is the initial weight of the sample and the pycnometer together (kg), W E is the weight of empty pycnometer (kg), V P is the total volume of the empty pycnometer (m 3 ), W ST is the initial weight of the sample plus poured toluene and the pycnometer together (kg) and ρ T is the density of toluene at room temperature~22°C (867 kg m −3 ). The bulk density (ρ T ) of sugar kelp samples of moisture content (0.06, 0.10, 0.30, 0.50, 0.70, 0.90 g water (g sample) −1 ) was measured by packing tightly in a glass cuvette of known volume. The porosity (φ) of the samples was calculated assuming no excess volume due to interaction between added components and negligible air weight using formula (4) .
where V C is the total volume of the glass cuvette, M S is the mass of the dry seaweed of moisture content 0.06 g water (g sample) −1 , ρ s is the particle density of the sample (kg m −3 ) of moisture content 0.06 g water (g sample) −1 , M W is the amount of water added to bring the final moisture content in the sample, ρ W is the density of water at room temperature~22°C (1000 kg m −3 ).
Specific heat
The specific heat capacity of the sugar kelp samples was calculated indirectly from the previously determined values of k, D, and the ρ T using the relationship (5) .
where C is specific heat (J kg −1 K −1 ); k is thermal conductivity (W m −1 K −1 ); ρ T is bulk density (kg m −3 ); and D is thermal diffusivity (m 2 s −1 ) of the samples.
Empirical models
The thermophysical properties were estimated by a predictive model approach based on the proximate content of the sugar kelp samples (Table 1 ). [23] The empirical approach is easy to compute based on the proximate component of the food samples. However, the major disadvantage of using the empirical model in estimating the thermal properties of sugar kelp is that these models were developed for specific land-based foods by studying the thermal properties of their proximate. It also does not provide necessary information regarding the geometric arrangement of the major components of the food (perpendicular, parallel and dispersed), and it is very food specific.
Artificial neural network (ANN) model
The thermal properties of sugar kelp samples were fit into a two-layer feed-forward artificial neural network (ANN) programmed in MATLAB, 2017. In ANN, the processing of information occurs through multiple processing units called neurons. Each input parameter (I) passed through the neurons is multiplied by associated weights (W) of each neural connection to compute the net weighted input, followed by the addition of network bias (B). Subsequently, the output (O) of each neuron is calculated by applying a linear or non-linear transfer function (f) on its net weighted input. In this network, a sigmoid function was used for hidden layer neurons and a linear function is used in output layer neurons for function estimation. The network is trained with supervised Levenberg-Marquardt backpropagation algorithm. In this algorithm, the initial output parameter is computed by assigning random weights to each connection. Afterward, the network output is compared with the required target selected in the training dataset and the difference between target and output is propagated backward to the network in the form of mean square error (MSE). Consequently, the weights are adjusted until the produced output is close to the target by minimizing the MSE over the next iterations. The Levenberg-Marquardt method solves nonlinear least squares between the function and the measured data points by combining two minimization methods: the gradient descent method and the Gauss-Newton method. There are three stages involved in designing the neural network: the training stage, the validation stage, and the testing stage. During the training stage, the network is presented with the data for adjusting the connection weights according to the MSE. The validation stage is used to avoid the network overtraining or overfitting by measuring and simultaneously improving the network generalization. The training ceases when the generalization stops improving, indicated by no further increase in the MSE. The testing of the network is performed by presenting a completely new independent data set after the training. Finally, the performance of this network in estimating the required target is measured using R 2 and MSE. In this study, 180 data points from six replicates at each temperature (30°C, 40°C, 50°C, 60°C, 70°C) and moisture content (0.06, 0.10, 0.30, 0.50, 0.70, 0.90 g water (g sample) −1 ) were used for prediction of thermal properties of sugar kelp samples. The 180 data points were split randomly for training (70% of the data points), validation (15% of the data points) and testing (15% of the data points) of various network architecture. The network performance was tested for one hidden layer of neurons comprising 4, 6, 8, 10, 12, and 14 neurons to avoid the complexity while choosing several architectural configurations. Out of six configurations, the one with minimized error parameters and higher R 2 value is selected as the optimum model and compared with the experimental and the empirical models.
Statistical analysis
The thermophysical properties were modeled as a function of input parameters (temperature and moisture content). All the quantitative results are reported as mean ± standard deviation of six replicates. Multi-way ANOVA was used to determine any significant effects (p≤ 0.05) of the independent variables (temperature and moisture content) at an individual level and the interaction effect (double effect) on the response variable (thermophysical properties). Tukey's honest significant difference (HSD) post hoc test was performed to identify any significant differences between the means of comparable treatment. Statistical software SAS Version 9.4 (SAS Institute, Cary, NC, USA) was used for data analysis. Performance of different ANN configurations fitted to the experimental data was evaluated using the determination coefficient (R 2 ), mean absolute error (MAE), mean relative error (MRE) and the standard error (SE) of the thermophysical properties. [24] C-2: No need to write the equations, just mention and include reference?
Results and discussion
Proximate analysis
Carbohydrate content was highest (58.20 ± 0.4 g (100 g) −1 dry solids) followed by ash content (29.4 ± 0.2 g (100 g) −1 dry solids), crude protein (10.8 ± 0.1 g (100 g) −1 dry solids), moisture content (5.3 ± 0.1 g (100 g) −1 dry solids) and fat (1.6 ± 0.1 g (100 g) −1 dry solids) in the freeze-dried samples. The fresh kelp was dried from 90 g (100 g) −1 sample to 6 g (100 g) −1 sample in order to increase the shelf life by limiting the growth of bacteria, mold, yeast. [18] The composition of sugar kelp varies depending on several factors such as plant maturity, geographical locations, environmental conditions (water temperature, salinity, availability of nutrients, sunlight) and growing season. [41, 42] The carbohydrates in sugar kelp exist in two forms: structural (alginates and cellulose) and storage (laminarin, mannitol, and fucoidan). [42] In a previous study, the carbohydrate content in sugar kelp comprised more than 55 g (100 g) −1 dry solids of algal biomass. [18] After carbohydrates, the second most abundant component of sugar kelp biomass is ash (~22-33 g (100 g) −1 dry solids). Besides, the average protein content and fat content in the sugar kelp ranged from 9 to 11 and from 1.5to 2 g (100 g) −1 dry solids, respectively. [18] Thermal conductivity (k)
Thermal conductivity (k) of the food determines the rate of heat transfer through the food during thermal processing. In this study, the sample temperature and moisture content have a significant effect (p< 0.05) on the thermal conductivity of the sugar kelp samples ( Table 2 ). The k for the sugar kelp was in the range of 0.147 ± 0.001-0.626 ± 0.072 W m −1 K −1 for a temperature range of 30-70°C and moisture content varying from 6 to 90 g water (100 g sample) −1 . Balingasa [47] reported the thermal conductivity of the red seaweed (Kappaphycusspp.) vary from 0.221 to 0.304 W m −1 K −1 
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within a moisture content range of 90.7 to 31.9 g (100 g sample) −1 , which is within the range to the values observed in our study. Additionally, the k of sugar kelp was also comparable to some of the terrestrially grown foods ( Table 3 ). The k of water is higher than the other components present in the food. Therefore, the thermal conductivity of food is highly influenced by the moisture content rather than the other food proximate (carbohydrates, ash, protein, fats). [54] The obtained k of the sugar kelp samples was found to be in good agreement (R 2 > 0.8) with the Choi and Okos proximate content-based regression model (Table 4 ). Choi and Okos' model predicted closer but significantly (p < 0.05) different values of k of sugar kelp as compared to the experimental values ( Table 2 ). This slight difference could be because the primary constituent groups in seaweeds are completely different from the land-based products resulting in different k values calculated based on the Choi and Okos' model. For instance, the major carbohydrates present in sugar kelp (alginates, cellulose, laminarin, mannitol, and fucoidan) are more complex polysaccharides than the ones considered in Choi and Okos' model (dextrose, lactose, sucrose, starch). Only the linear effects of sample temperature and the moisture content on the k of sugar kelp were significant (p < 0.05). The interaction effect (moisture content X sample temperature) was also found to be insignificant (p > 0.05) on the k value. The regression model (R 2 = 0.9055) developed based on the temperature and moisture content can be expressed as:
where T is the sample temperature (°C) and MC is the moisture content (g (100 g) −1 sample).
Thermal diffusivity (D)
Thermal diffusivity (D) is a material-specific property for describing the ability of the material to conduct heat energy relative to its ability to store the heat energy. The D of sugar kelp was identical to red seaweed (Kappaphycus spp.) reported in the range of 0.089-0.184 mm 2 s −1. [47] The statistical results indicated a significant effect (p< 0.05) of the sample conditions (temperature and moisture content) on the D of sugar kelp ( Table 5 ). The D was lowest for samples held at 30°C, 40°C, and 50°C, and no significant difference (p> .05) was observed between them. Additionally, the D of sugar kelp was also found comparable to some of the terrestrially grown foods (Table 3 ). However, the obtained D of the sugar kelp samples was found to be poorly correlated (R 2 < 0.8) with the Choi and Okos' model (Table 4 ). Moreover, similar to thermal conductivity, the Choi and Okos' model predicted significantly (p < 0.05) different values of the thermal diffusivity of the sugar kelp as NA: not available. Results are mean ± standard deviation (n = 3). Lowercase letters (a-c) denote row-wise significant difference between sample temperature. Uppercasel letters (A-F) denote significant difference between moisture content.
x/y denotes the comparison between the experimental and model data. Results are mean ± standard deviation (n = 3). Lowercasae letters (a-e) denote row-wise significant difference between sample temperature. Uppercase letters (A-F) denote significant difference between moisture content.
x/y denotes the comparison between the experimental and model data.
compared to the experimental values ( Table 2 ). Both linear and quadratic effects of sample temperature and moisture content on thermal diffusivity of sugar kelp were significant (p < 0.05). Also, the interaction effect (moisture content X sample temperature) was found significant (p < 0.05) on the D value. The regression model (R 2 = 0.4689) developed based on the temperature and moisture content can be expressed as: D ¼ 0:2624 À 0:003219 T À 0:001956 MC þ 3:599 x 10 À5 T 2 þ 6:817 x 10 À6 T x MC þ 1:472 x 10 À5 MC 2 (9) where T is the sample temperature (°C) and MC is the moisture content (g (100 g) −1 sample).
Particle density, bulk density (ρ t ), and porosity (φ)
Choi and Okos [23] proposed an empirical equation to estimate densities of main constituents of food and their temperature dependence. However, in this study, the material density was considered to be independent of the sample temperature and only dependent on the moisture content. During the experiment, the sample was prepared and packed hermetically at room temperature in a sealed container leaving no space for thermal expansion. The particle density of 0.06 g water (g) −1 sample was observed to be 1566 kg m −3 . The moisture content of the kelp has a significant effect (p< 0.05) on its ρ T ( Table 6 ). The bulk density of the high moisture samples (0.70 and 0.90 g water (g) −1 sample) was close to that of water with porosity equivalent to zero. This suggests that fresh sugar kelp can be characterized as continuous material with very low porosity. Zabalaga et al. [58] reported the porosity was increased as moisture content decreased during the early stage of banana drying, reaching a maximum value at a moisture content of 46 g water (100 g sample) −1 . Further drying resulted in decrease of porosity reduction in moisture content resulted in a decrease of porosity of unripe banana. As the drying proceeds, previously occupied pores by water are either replaced by air or is collapsed due to shrinkage. Similar behavioral trends were also reported during drying mango, banana slices, and pineapple. [59] In the case of fresh sugar kelp, the amorphous form of water always stays in the rubbery state as the T g of kelp is below the air-drying temperature and therefore the volume shrinkage can be contributed to the volume of the water loss without creating any void fractions in the dried kelp. [39] Under this assumption, the thermophysical properties of the continuous thin matrix of kelp while drying can be estimated indirectly from granular rehydrated kelp without considering the porosity. At room temperature, the bulk densities of the samples varied nonlinearly with the moisture content ( Table 6 ). With an increase in the water content, the primary carbohydrate alginates in the presence of cations such as Ca 2+ bind excess amounts of water by intermolecular cross-linking resulting in swelling and decrease of density. [60] Irrespective of the sample conditions, porosity values calculated using Choi and Okos' model assuming no excess volume due to interaction and negligible air mass were found to be similar to the experimental values (Table 6 ). 
Specific heat capacity (C)
The C of sugar kelp was calculated indirectly from the values of k, ρ, and D, and was in the range of 749.00 ± 5.11-3270.62 ± 219.35 J kg −1°C−1 for the temperature and moisture content varying from 30°C to 70°C and 6 to 90 g water (100 g sample) −1 , respectively ( Table 4 ). The C of fresh sugar kelp was higher than fresh Sargassum species (Sargassum Natans) at 50°C. [17] Furthermore, the C above freezing point of terrestrially grown foods has similar values to sugar kelp (Table 3 ). Both linear and quadratic effects of moisture content on C of sugar kelp were significant (p < 0.05), whereas only the linear effect of sample temperature was significant (p < 0.05) ( Table 4 ). The interaction effect (moisture content X sample temperature) was also found significant (p < 0.05). The regression model (R 2 = 0.8829) developed based on the temperature and moisture content can be expressed as:
C ¼ 297:6 þ 17:73 T þ 52:94 MC À 0:1986T x MC À 0:2352 MC 2 (10) where T is the sample temperature (°C) and MC is the moisture content (g (100 g) −1 sample). The samples held at 30°C and 6 g water (100 g sample) −1 exhibited the lowest C and was significantly (p< 0.05) lower as compared to the other conditions. The specific heat capacity is the measure of the ability of the material to store the thermal energy. As the temperature increases, the average kinetic energy of the molecules increases contributing positively toward the net internal energy and thus raises the specific heat of the material. The experimental values of C of the sugar kelp samples were found to be in good agreement (R 2 = 0.758) and were significantly (p < 0.05) different than the Choi and Okos' model ( Table 4 ). On the other hand, the temperature had no significant effect (p > 0.05) on the C as predicted by Choi and Okos' model possibly due to less effect of temperature on C of individual food components in the considered range. Water has much higher specific heat capacity as compared to its counterparts present in the food, possibly resulting in higher specific heat capacity in samples containing high moisture.
Modeling with artificial neural network (ANN)
In the current study, ANN was used as an alternate tool for estimating the thermophysical properties (k, D, C) of the sugar kelp based on the parameters of sample temperature and moisture content. After repeated network training, assessment and validation with one hidden layer of neurons comprising of 2, 4, 6, 8, 10, 12, 14, and 16 neurons, the model with lowest error in terms of mean absolute error (MAE), mean relative error (MRE), standard error (SE) and highest R 2 value was selected as optimum ( Table 7) . Multiple hidden layers were not considered in this study as simple ANN configurations are a good predictor for the input dataset with inherent variation. [24] The output from the neural network with several configurations was obtained using a second data set consisting of similar size (180) input data points not used in the training. The best ANN configuration with maximum performance included 10, 6, and 8 neurons in a hidden layer for predicting the k, D, and C, respectively. Figure 1 demonstrates an Table 7) . The regression equation can be written as Y = B2 + LW*tansig (B1 + IW*x); where Y is the output parameter, X is the input matrix, B1 and B2 are bias value for layer 1 and 2, respectively, IW is the input weight matrix and LW is layer weight matrix. The matrix value of B1, B2, IW, and LW for the best ANN configuration to predict the thermophysical properties are given in Table 8 . Lastly, the developed ANN model in this study was able to capture the effect of sample temperature and moisture content on the thermophysical properties of sugar kelp with high confidence.
Conclusion
This is the first study reporting the effects of moisture content and the sample temperature of sugar kelp on its thermophysical properties (thermal conductivity, thermal diffusivity, material density, specific heat capacity). In the seaweed drying process, the thermophysical properties change continuously with the sample temperature and moisture content. A comparative study was performed between the regression analysis, Choi and Okos' model and ANN model to estimate their ability to predict the thermophysical properties in a dynamic process of sugar kelp drying based on the sample temperature and moisture content. The bulk density of the kelp varied non-linearly with moisture content, whereas k, C, and D were in the range of 0. One hidden layer was considered and the neurons in that layer are listed in the table. MAE, MRE, SE, and R 2 are the mean absolute error, the mean relative error, the standard error and the coefficient of determination of thermophysical properties (thermal conductivity, thermal diffusivity, specific heat capacity) of sugar kelp, respectively.
will not be affected by the seasonal variation. The results will help in estimating the drying time of sugar kelp depending on the thermophysical properties and drying conditions. where Y is the output parameter, x is the input matrix, B1 and B2 are bias value for layers 1 and 2, respectively, IW is the input weight matrix, and LW is layer weight matrix.
